Abstract-Under disasters, the destruction of some key nodes in the lifeline system generally leads to the entire disastrous consequence. In order to increase the reliability of lifeline network by protecting the key nodes in network, the paper proposes a method to identify the key nodes in lifeline systems by evaluating the node importance based on variable fuzzy clustering. The paper takes water supply network system as an example and establishes the node importance evaluation indices considering both network topology and resource supply factors. The variable fuzzy clustering method is adopted for cluster analysis of nodes in a case study demonstrated. And the results show that the key nodes in water supply network can be objectively identified by variable fuzzy clustering method. This methodology can help decision makers who work on disaster prevention and reduction of urban lifeline system to build the effective disaster prevention plans.
I. INTRODUCTION
The failure mode of lifeline systems under disasters is mostly due to the damages of several key nodes which cause a chain reaction in the entire network. Severe cases would even lead to the collapse of the entire system, which enlarges the scope and severity of the destruction by natural disasters. Therefore, the evaluation of the node importance in the lifeline network is a very meaningful work. Identifying the key nodes by the evaluation of node's importance would increase the reliability of the lifeline network by focusing on the protection of these critical network nodes.
Recent years, the node's importance in the network has been considered by many researchers [1] - [5] . But most of their study objects are based on virtual network, instead of the physical network. The research in virtual network only focuses on the characteristics of the network topology. Node degree, interrelations and the shortest path were more studied without considering the characteristics of resource supply in the lifeline systems network. However, lifeline network is a kind of physical network. The process of resource allocation and transmission should be considered as key factors when evaluating the node's importance [6] . Lifeline system includes power supply system, water supply system, gas supply system, communications system, transportation Mingyuan Zhang is with the Dalian University of Technology, Liaoning, P. R. China (e-mail: myzhang@ dlut.edu.cn).
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system and so on. The water supply system was studied as an example in this paper. The evaluation indices of node's importance were selected according to two aspects, network topology and resource supply.
Also, the variable fuzzy clustering method is adopted for cluster analysis of nodes in the network. According to the cluster analysis, the node's importance can be categorized easily..
II. THE SELECTION AND CALCULATION METHOD OF NODE IMPORTANCE EVALUATION INDEX
The ultimate aim for node's importance evaluation is to identify the key nodes in lifeline networks. And the reliability of the disaster defense system can be increased by focusing on the protection of the critical nodes in the network. Therefore, the selection of the influence factors should reflect both network topology and resource supply when evaluating the node importance of lifeline systems.
A. Nodal Water Supply Level
In the water supply network, the nodal water supply level of the node v1 which connects directly with water source is defined as level 1. , Any other level derived from v1 can be confirmed gradually according to the flow direction in the network. Higher the node's water supply level is, greater the influence it has to the entire water supply network, vice versa.
For water supply network, the node's importance depends on the location. Obviously, the importance of the high-level nodes which are located upstream is different from the low-level ones which are located downstream. The ability to access and control resources of high-level nodes is stronger than the low-level ones. The former node exerts greater influence on the entire water supply network so that the high-level nodes are more important than the low-level nodes. Therefore, nodal water supply level is selected out as one of the network topology factors as well as an evaluation index of the node's importance in water supply network.
The incidence matrix M (G) is defined as follows:
Using the incidence matrix M(G), water supply nodes' water supply level can be confirmed gradually according to the flow direction in the pipes. The method is introduced by the following example, shown in Fig. 1 .
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pipe j is not associated with node i. 
The nodal water supply level of node v1 which is directly connected with water source is defined as level 1, that is L(1)=1. According to M(G), the node vector a 1 (the first column vector of M(G))of v 1 can be obtained as a 1 T=(1,1,1,0,0,0,0). By searching out all the nonzero elements in the vector as a 1 (1) =1, a 1 (2) =1, a 1 (3) =1, the pipes of level 1 are found as e1, e2, e3. Based on this, the first row vector b1 of M(G) which is corresponded with e1 was found out, and then, all the elements of "-1" and their column number in the row vector could be figured out. Judging from b 1 =（1, -1, 0, 0, 0, 0）, the downstream node of pipe e1 can be obtained, b 1 (2）=-1. e 2 ,e 3 can be analyzed in the same way: judging from b 2 =（1, 0, -1, 0, 0, 0）and b 3 =（1, 0, 0, -1, 0, 0, b 2 (3)=-1 and b 3 (4)=-1. So the nodal water supply level of
On the basis of the nodes with confirmed levels, the water supply levels of the rest nodes in the network can be also obtained easily by the same method. In this example, the final result of nodal water supply level is:
B. Nodal Degree
In water supply network, the nodal degree D (i) is defined as the number of edges associated with the node vi, which reflects the connectivity of the nodes in the network.
The node importance also depends on the node connectivity in water supply network. To some extent, more the paths are connecting, greater the influence it exerts on the entire network connectivity and the more important status it is in water supply network. Therefore, nodal degree is selected from network topology factors as another evaluating index of node importance in water supply network.
The adjacency matrix A(G) is defined as 1node is connected to node 0node isn't connected to node
According to the definition above, the adjacency matrix A(G) of the network shown in Fig. 1 
The nodal degree D(i) of vi can be gained easily by counting the element of "1" in row I or column I of A(G). The result is:
A large number of researches show that the nodal water demand and pressure are two of the most important indicators in the service performance evaluation of water supply network [7] .
C. Nodal Water Flow Percentage
The nodal water flow percentage FP (i) refers to the percentage node I accounts for in the total supply of the entire network. FP (i) is defined as follows
where F (i) denotes the water demand of node i， F denotes the total supply of the entire water supply network.
The resource demand for each node accounts for different proportion of total supply so that the importance of each node is different obviously. The larger proportion the node accounts for, more important it is and the greater influence it would exert on the resource supply of the entire network when it suffers disaster, vice versa. Based on this, the nodal water flow percentage is selected from resource supply factors as an evaluating index of node importance in water supply network.
EPANET 2.0 is a water distribution system modeling software package developed by the Water Supply and Water Resources Division of the United States Environmental Protection Agency's (EPA). It performs extended-period simulation of hydraulic and water-quality behavior within pressurized pipe networks and is designed to be "a research tool that improves our understanding of the movement and fate of drinking-water constituents within distribution systems". In view of EPANET 2.0's powerful and convenient hydraulic analysis capability, it is adopted.
After the basic information of water supply network being input into EPANET 2.0, the flow through each node can be obtained by the calculation of EPANET 2.0 and thus the percentage of the network's total supply each node accounts for can be also obtained.
D. Nodal Average Value of Water Pressure Reducing
When a node suffered randomly, the water pressure of the rest nodes in network would be affected and reduced due to the cascading failure of water supply network. Considering a node in the network, in order to reflect the influence it suffers from other nodes, the average value of water pressure reduction of the node i (APR(i)) was defined as the average value of water pressure reduction under the influence of the rest nodes in disasters.
The buried pipelines of water supply network have the following characteristic: wide spatial distribution, huge number and indiscoverable failure position. When the network suffers from disasters, most of the nodes which are damaged slightly are hard to be found and recovered, however, only the nodes damaged very seriously and obviously can be found and recovered in time. Because of this, the water supply network is always in the working state of leakage and low pressure after disasters. In order to meet the water demand right after disaster, the minimum water pressure of nodes is one of the most important hydraulic conditions. If the actual nodal pressure is still higher than the required minimum pressure, usually the users can accept it. However, if the actual pressure is lower than the allowable value, the water demand would not be guaranteed. Due to the cascading failure of network, if some nodes or edges were damaged in the disaster, most of nodes in the network would be affected. In a sense, the APR can reflect the disaster reliability and importance of the node. Therefore, nodal average value of water pressure reducing is also selected from resource supply factors as an evaluation index of node importance.
The disaster simulation program which is developed on the basis of EPANET 2.0 can be used for simulating the situation of water supply network under disaster. The same level disaster damage was respectively imposed to each node in the network. Assume that there is a water supply network with N nodes, after N times of simulation, the APR(i) can be obtained by following formula 
III. VARIABLE FUZZY CLUSTERING
After selecting and calculating the node importance evaluating indices, an effective classification and sort method is needed. Recent years, a large number of practical results showed that the variable fuzzy clustering method is a good option. It made a breakthrough for the traditional fuzzy clustering iterative model. The clustering results are gained in a more balanced way by dynamic iteration of index weight, relative membership degree with cluster center [8] [9] . Based on this, the variable fuzzy clustering method is adopted for clustering analysis of lifeline system nodes. [10] [11] Suppose that there is a set of n samples needed to be clustered according to the eigenvalue of m indexes, the sample set can be expressed as follows
A. Variable Fuzzy Clustering Iterative Model
where xij is the eigenvalues of index i at sample j, i=1,2,…，m; j=1,2,…, n.
Due to m, indexes have different physical dimension. The original data should be normalized before the clustering analysis. After normalizing, the matrix X is transformed into normalized index eigenvalue matrix R. 
where uhj denotes the relative membership degree of sample j belonging to class h. It should subject to constraints
In fuzzy clustering, the characteristics of clustering c are described by fuzzy clustering center. The fuzzy clustering center matrix can be described as follows 
The difference between sample j and class h can be represented by generalized index weighted distance:
where p is the variable distance parameter, it is usually preferable to p = 1 or 2. p = 1 represents the Hamming distance, p = 2 represents the Euclidean distance. Based on the generalized index weighted distance, relative membership degree is inducted as weight., After being generalized, the index weight distance is obtained as follows
In order to gain the optimal fuzzy clustering matrix and optimal fuzzy cluster center matrix, the objective function can be established as 
where a is variable parameter for optimization criterion, a =1 represents the least absolute deviation criteria, a =2 represents the least square criteria. A Lagrange Function would be constructed as follows
The variable fuzzy clustering iteration model is obtained as follow 
The optimal fuzzy clustering matrix hj u * would be obtained by dynamic iteration of index weighting and relative membership degree with cluster center and thus grade eigenvalue vector H can be also gained by the following formula 1 2 (1, 2, , )( ) ( , , , )
IV. CASE STUDY

A. Case Background
The variable fuzzy clustering iterative model above would be applied to fuzzy clustering analysis of the nodes in water supply system of an area. The water supply network of the case is shown in Fig. 2 and the node properties and pipe properties of the network are respectively shown in Table I  and Table II . 
B. Calculation Process of Index
The 4 factors of nodal water supply level, nodal degree, nodal water flow percentage, and nodal average value of water pressure reducing are selected as node importance evaluation indexes in the water supply network. The method described in the first part of the paper is used for calculating the indexes. 
C. Nodal Water Supply Level and Nodal Degree
According to Fig. 2 , the incidence matrix M (G) and adjacency matrix A (G) can be drawn, shown in Eq. (22) and Eq. (23). Based on this, the nodal water supply level L (i) and nodal degree D (i) can be also obtained, shown in Table III . 
D. Nodal Water Flow Percentage
The nodal water flow percentage FP (i) of each node in the water supply network can be calculated by the program of EPANET 2.0 which has powerful hydraulic characteristics analysis function (results shown in Table III ).
E. Nodal Average Value of Water Pressure Reduction
The disaster simulation program which is developed on the basis of EPANET 2.0 can be used for simulating the situation of water supply network under disasters which is shown in Fig. 3 . The same level disaster damage is respectively imposed to nodes No.2-No.13 in the network. The final results of nodal average value of water pressure reducition APR (i) (shown in Table III ) would be calculated as the average of 11 times of simulation. The calculation results of evaluation index were shown in Table III . 
F. Normalization of Index Character Values
When an index is a beneficial type of index, which means bigger, better, the normalization formula would be described as follows
When the index is coasty type of index, Which means smaller, better, the normalization formula would be described Table IV . 
G. Variable Fuzzy Clustering Analysis
Depending on the 4 node importance evaluation indexes of water supply network, the node importance can be divided into 4 classes(c=4): I, II, III, IV. From Class I to Class IV, the node importance is gradually reduced. The calculation of uhj and sih is précised to the level that ε 1 =ε 2 =0.001 When α = 2, p = 2, the clustering can convergence to a more reasonable calculating result [12] . Based on this, the paper takes α = 2, p = 2 and supposes the original fuzzy clustering matrix which should satisfy the constraint equation (10) .The optimal fuzzy clustering results could be obtained by using fuzzy clustering iterative model, shown in Table V. In addition, the sorting result of nodal importance in the water supply network can be also obtained, in decreasing order of importance : 4→2→5→6→13→8→3→9→7→10 →11→12.
Considering the two aspects of network, topology and resource supply, the node clustering results show that most of the nodes in the network belong to Class III (important), less nodes belong to Class II (more important) and, however, only a few nodes belong to Class I (the most important).
Analysis results show that the key nodes in the lifeline network can be objectively identified by using variable fuzzy clustering method.
V. CONCLUSIONS
Water supply system is studied as an example in this paper. Considering the two aspects of network, topology and resource supply, 4 factors of nodal water supply level, nodal degree, nodal water flow percentage and nodal average value of water pressure reducing are selected as node importance evaluation indexes. The calculation method of evaluation indexes are also given in the paper. It has been proved that practically more reasonable clustering results can be drawn by variable fuzzy clustering method, which was demonstrated by the case study.
Results showed that the key nodes in lifeline network can be objectively identified by using variable fuzzy clustering method. This methodology can help decision makers who work with disaster prevention and reduction of urban lifeline system for the better plan upon the node importance in lifeline system. Disaster management can be simplified and made more efficiently by focusing on the protection of these key nodes in network. Serious consequence caused by the damaged key nodes can be avoided. The reliability of lifeline system can be also improved. He is an associate researcher at Industry Section, Development Research Centre of Dalian People's Government, Dalian, P.R.China. He researches on construction management.
